A novel lectin was isolated from Bothrops leucurus snake venom using a combination of affinity and gel filtration chromatographies. The lectin (BlL) agglutinated glutaraldehyde-treated rabbit and human erythrocytes with preference for rabbit erythrocytes. Galactose, raffinose, lactose, fetal bovine serum and casein inhibited lectin-induced rabbit erythrocyte agglutination. BlL, with a molecular mass of 30 kDa and composed of two subunits of 15 kDa, showed dependence on calcium. BlL is an acidic protein with highest activity over the pH range of 4.0-7.0 and stable under heating to 70°C. Fluorescence emission spectra showed tryptophan residues partially buried within the lectin structure. The percentages of secondary structure revealed by circular dichroism were 1% α-helix, 44% β-sheet, 24% β-turn and 31% unordered. BlL showed effective antibacterial activity against Gram-positive bacteria Staphylococcus aureus, Enterococcus faecalis and Bacillus subtilis with minimal inhibitory concentrations of 31.25, 62.25 and 125 μg/mL, respectively. In conclusion, B. leucurus snake venom contains a galactoside-binding lectin with antibacterial activity.
Introduction
Lectins are proteins or glycoproteins that bind reversibly to carbohydrates and glycoconjugates (De-Simone et al., 2006) . Lectins have been found in a wide range of organisms from microorganisms to plants and animals (Utarabhand et al., 2007) . C-type lectins are a large family of Ca 2+ dependent lectins. Animal C-type lectins can be classified into 17 groups according to structural and functional characteristics (Zelesnky and Gready, 2005) . Snake venoms contain C-type lectins included in group VII, which are true sugar-binding lectins composed of homodimers or homooligomers and with Ca 2+ and usually galactose-binding properties (Clemetson, 2010) . Snake venoms also contain C-type lectin-like proteins which are heterodimers or oligomeric complexes of heterodimers called snaclecs (snake venom C-type lectins); this group is more abundant and possesses a loop-swapping or higher-order multimerization (Ogawa et al., 2005; Clemetson et al., 2009; Clemetson, 2010) . Snake venom lectins are able to inhibit or activate specific platelet membrane receptors and blood coagulation factors (Morita, 2004 (Morita, , 2005 Ogawa et al., 2005; Wang, 2008) and can promote a diversity of biological effects, such as lymphocyte proliferation (Mastro et al., 1986) , induction of edema (Lomonte et al., 1990; Panunto et al., 2006) , induction of Ca 2+ release from the sarcoplasmic reticulum (Ohkura et al., 1996) , inhibition of cancer cell proliferation (PereiraBittencourt et al., 1999) , erythrocyte agglutination in vitro (Kassab et al., 2001 ), cytotoxicity to tumors and endothelial cell lines , renal effects (Havt et al., 2005) and induction of rolling of leukocytes (Elífio-Esposito et al., 2007) .
Glycoconjugates present on bacterial cell surfaces, such as peptidoglycans, lipopolysaccharides and teichoic acids, constitute potential lectin targets (Lee et al., 1998; Santi-Gadelha et al., 2006) . Recently, it was reported that snake venom lectins are able to inhibit growth of phytopathogenic bacteria (Rádis-Baptista et al., 2006; Barbosa et al., 2010) ; however, the interactions between snake venom lectins and human pathogenic bacteria have not been studied.
Bothrops leucurus (white-tailed-jararaca) is an important venomous snake that inhabits northeastern Brazil. B. leucurus was responsible for all cases of envenomation from snakebite recorded in the metropolitan region of Salvador (State of Bahia, northeastern Brazil) from January to June 1990 (Lira-da- Silva and Nunes, 1993) and an epidemiological study in Bahia in 2001 revealed that this species was responsible for all confirmed cases of envenomation by Bothrops species in this state (Mise et al., 2007) . Recently, active components from B. leucurus venom were isolated, including a fibrinolytic proteinase (Bello et al., 2006) , a thrombin-like enzyme , phospholipase A 2 (Higuchi et al., 2007) , a P-III metalloproteinase , L-amino acid oxidases Torres et al., 2010) as well as the metalloproteinases leucurolysin-a Ferreira et al., 2009) and BleucMP (Gomes et al., 2011) . This paper reports the purification, characterization and antibacterial activity of a novel galactoside-binding lectin isolated from snake venom of B. leucurus, a species with great medical importance in northeastern Brazil.
Material and methods

Chemicals
Reference samples of 4.4′-Bis 1-anilinonaphthalene 8-sulfonate (bis-ANS) were purchased from Molecular Probes Inc. (USA). Broadrange protein molecular mass markers, sugars and glycoproteins were purchased from Sigma-Aldrich (USA). All the solvents and other chemicals used were of analytical grade from Sigma-Aldrich (USA) or Merck (Germany). All solutions were prepared with water purified by the Milli-Q ® system (Millipore).
B. leucurus venom
B. leucurus venom was kindly supplied by the Núcleo Regional de Ofiologia e Animais Peçonhentos da Bahia, Universidade Federal da Bahia, Salvador, Bahia, Brazil.
Protein content and neutral carbohydrate analysis
Protein concentration was determined according to Bradford (1976) using bovine serum albumin as a standard. Neutral carbohydrate content was determined by the phenol-sulphuric acid method (Dubois et al., 1956 ) using mannose as a standard.
Hemagglutinating activity and carbohydrate specificity
Hemagglutinating activity (HA) was assessed in microtiter plates according to Correia and Coelho (1995) using rabbit and human A, B, AB and O-type erythrocyte suspensions (2.5% v/v; 50 μL) treated with glutaraldehyde (Bing et al., 1967) . HA was defined as the lowest lectin concentration able to promote erythrocyte agglutination. Specific hemagglutinating activity (SHA) corresponded to the ratio between HA and protein concentration (mg). Carbohydrate binding specificity was evaluated by determining HA in the presence of sugars D-xylose and L-raffinose) and glycoproteins (asialofetuin, casein, fetuin and fetal bovine serum).
Purification of B. leucurus venom lectin
Lyophilized B. leucurus venom (30 mg) was dissolved in 1 mL of calcium-Tris-buffered saline buffer (CTBS; 20 mM Tris-HCl, 150 mM NaCl and 5 mM CaCl 2 , pH 7.5) and centrifuged (2000 g, 5 min, 25°C) to remove insoluble material. The resulting supernatant was applied to a column (10 × 1.0 cm) of guar gel previously equilibrated with CTBS at a flow rate of 10 mL/h. Protein elution was monitored by absorbance at 280 nm. After washing to remove unbound proteins, the adsorbed proteins were eluted from the column with 200 mM galactose in CTBS. Adsorbed fractions with HA were pooled, dialyzed, lyophilized and applied to a Superdex 75 HR 10/300 GL column coupled to an ÄKTA™ purifier system (GE Pharmacia). The column was equilibrated and eluted with 50 mM Tris-HCl buffer (pH 8.0) containing 150 mM NaCl at a flow rate of 0.5 mL/min; fractions of 1 mL were collected and protein elution was monitored by absorbance at 280 nm. Subsequently, the active peak from Superdex 75 chromatography (B. leucurus lectin; BlL) was submitted to reversephase chromatography in a C-4 column (Vydac-Protein Peptide Ultrasphere) performed in an HPLC system (Shimadzu LC-10 ADTokyo, Japan), with elution monitored at 280 nm. The column was equilibrated with 0.1% TFA (solvent A) and eluted using 90% acetonitrile/10% H 2 O/0.1% TFA (solvent B) in a non-linear gradient, where B = 0% at t = 5 min, 45% at t = 10 min, 50% at t = 30 min and 100% at t = 35 min.
Effects of divalent ions, pH and temperature on HA
To evaluate the effect of divalent cations on BlL-induced HA, the lectin was previously dialyzed against 5 mM EDTA (16 h at 4°C) followed by 150 mM NaCl (6 h at 4°C) to eliminate EDTA. Subsequently, the HA of dialyzed BlL was evaluated in the presence of 50, 100 and 200 mM Ca 
Polyacrylamide gel electrophoresis (PAGE)
BlL was evaluated by native PAGE for basic [15% (w/v) gel] or acidic [15% (w/v) gel] proteins according to Reisfeld et al. (1962) and Davis (1964) , respectively. Electrophoresis in the presence of SDS and β-mercaptoethanol was performed in 15% (w/v) gel according to Laemmli (1970) . Polypeptide bands were stained with Coomassie Brilliant Blue in 10% acetic acid (0.02%, v/v). Glycoprotein staining was performed using the periodic acid-Schiff method (Zacharius et al., 1969) .
Analysis of polypeptide chains
Polypeptide chain analyses were performed after reduction of disulfide bridges and alkylation. Lyophilized samples were reduced by the Friedman reaction (Friedman et al., 1970) with some modifications: BlL (0.5 mg) was dissolved in 250 μL of a solution containing 50 mM Tris-HCl, pH 8.6, 6 M urea, 10 mM EDTA and 179 mM DTT; the mixture was incubated for 3 h at 37°C in the dark before N 2 purging. Free sulphydryl groups were then exposed to 100 μL of iodoacetate and the reaction continued for another 2 h under the same initial conditions. Iodoacetate derivative chains were desalted and separated by HPLC in a reverse-phase C4 column with the elution profile monitored at 280 nm.
Fluorescence spectroscopy
Intrinsic fluorescence emission of BlL in solution (0.07 mg/mL in 10 mM phosphate buffer pH 7.0) was measured at 25°C using a spectrofluorimeter (JASCO FP-6300, Tokyo, Japan) and a cuvette (1-cm pathlength rectangular quartz). The excitation wavelengths were 280 and 295 nm; emission spectra were recorded at a range of 305 to 450 nm with band passes of 5 nm.
Circular dichroism (CD) measurements
CD measurements were carried out in a J-810 JASCO spectropolarimeter. The instrument was calibrated with D-10-camphorsulfonic acid. The measurement was carried out at 25°C with a protein concentration of 0.250 mg/mL (8 μM) in a 1 mm pathlength cuvette. C spectrum was recorded in the 191-250 nm range as an average of eight scans. The results were expressed as the mean residue ellipticity, [θ], defined as [θ] = θ obs /(10.C.l.n.), where θ obs is the CD in millidegrees, C is the protein concentration (M), l is the pathlength of the cuvette (cm) and n is the number of amino acid residues assuming a mean number of 272 residues. The CDPro software was used to estimate the fractions of secondary structures (Sreerama and Woody, 2000) and the Cluster program was used to determine the tertiary structure class of BlL (Sreerama et al., 2001) . 
Antibacterial activity
Gram-positive (Bacillus subtilis ATCC-6633, Staphylococcus aureus ATCC-6538 and Enterococcus faecalis ATCC-6057) and Gram-negative (Escherichia coli ATCC-25922 and Klebsiella pneumoniae ATCC-29665) bacterial strains were provided by the Departamento de Antibióticos, Universidade Federal de Pernambuco, Brazil. Stationary cultures were maintained in nutrient agar and stored at 4°C.
Bacteria were cultured in nutrient broth and incubated under continuous shaking at 37°C overnight. The culture concentrations were turbidimetrically adjusted at 600 nm to 10 5 -10 6 colony forming units (CFU)/mL. Purified lectin (BlL) was diluted (1:2048) in a microtiter plate containing nutrient broth (50 μL per well). Subsequently, 20 μL of bacterial suspension was applied to each well and the plate was incubated at 37°C for 24 h. After incubation, the optical density at 490 nm (OD 490 ) was measured using a spectrophotometer for microplates. The assays were performed in triplicate. The minimal inhibitory concentration (MIC) corresponded to the lowest lectin concentration able to inhibit the growth of 50% or more of microorganisms relative to the negative control (Amsterdam 1996) . Thereafter, aliquots (20 μL) of each well in which inhibitory activity was observed were transferred to petri plates containing nutrient agar. The plates were incubated at 37°C for 24 h. The minimal bactericide concentration (MBC) corresponded to the lowest concentration of lectin able to reduce the number of CFU to 0.1% relative to the negative control. The antibacterial activity of BlL was also determined in the presence of 200 mM galactose.
Results and discussion
Crude extract of B. leucurus venom showed high lectin activity (SHA 136.5 units/mg) towards rabbit erythrocytes. The inhibition of HA by galactose suggested the presence of a galactoside-binding lectin; this result encouraged us to evaluate the use of affinity chromatography on guar gel matrix to purify lectin.
Lectin activity from crude venom adsorbed on guar gel column and only one active (SHA of 29,257) peak was detected after elution with 200 mM galactose (Fig. 1A) . The use of guar gel was an inexpensive and innovative protocol for isolation of a snake venom lectin. Guar gum consists of straight chains of mannose substituted with α(1-6) galactose residues and is a versatile and viable matrix for the isolation of D-galactopyranosyl-and N-acetyl-galactosaminyl-binding lectins (Lonngren and Goldstein, 1976; Gupta et al., 1979) . Guar gum has been used as an efficient and inexpensive affinity support for the purification of lectins from Bauhinia monandra leaves (Coelho and Silva, 2000) and Moringa oleifera seeds (Santos et al., 2009 ) as well as from the alga Vidalia obtusiloba (Melo et al., 2004) .
The adsorbed fractions from guar gel affinity chromatography were loaded into gel filtration columns (Fig. 1B) ; three peaks can be seen in the chromatographic profile. The lectin (B. leucurus lectin; BlL) was eluted at 18 mL, corresponding to an apparent molecular weight around 8 kDa; however, this major peak (SHA 10,240) showed a molecular mass of 30 kDa in SDS-PAGE. In the presence of reducing agent β-mercaptoethanol, BlL was revealed to be a dimeric protein composed of two subunits with a molecular mass of 15 kDa (Fig. 1C) . Because lectins may interact in undesirable ways with Superdex beads, a possible interaction of BlL with the stationary phase may have affected the retention time and apparent molecular weight of BlL in gel filtration chromatography as well as may be responsible for the reduction of SHA observed (Table 1) .
Evaluation of BlL by native electrophoresis showed a single polypeptide band in PAGE for acidic proteins (Fig. 1C) . No polypeptide band was detected in native PAGE for basic proteins. As shown by Lomonte et al. (1990) , using isoelectric focusing, other snake venom lectins are characterized as acidic proteins. BlL was eluted from the C-4 column with about 50% acetonitrile (Fig. 1D) . The reduction and alkylation reactions of BlL were performed using DTT. After desalting in the C-4 column, only one peak was obtained (Fig. 1E) , suggesting the presence of homodimeric chains covalently linked by disulfide bridges; this result agrees with that observed by electrophoresis. Several lectins from snake venoms are constituted of disulfide-linked homodimers, such as the lectins from Agkistrodon piscivorus piscivorus and Crotalus ruber (Komori et al., 1999; Hamako et al., 2007) . However, the crystal structure of a galactoside-binding lectin from Crotalus atrox revealed a decameric structure composed of two 5-fold symmetric pentamers (Walker et al., 2004) . Table 1 summarizes the BlL purification. The amount of protein recovered after gel filtration chromatography was less than 1%. The content of BlL in snake venom (b 1%) was similar to those found for other lectins isolated from snake venoms Lomonte et al., 1990; Carvalho et al., 1998; Nikai et al., 2000; Guimarães-Gomes et al., 2004) .
The HA of BlL was abolished after treatment with the chelating agent EDTA (5 mM); Mn 2+ and Mg 2+ did not restore BlL HA but the activity was gradually increased by the addition of Ca 2+ and completely restored when this ion was added at 200 mM (Fig. 1F) ; this result indicates that Ca 2+ is essential for the carbohydraterecognizing property of BlL. The homodimeric structure and calcium dependence indicate that BlL may be included in the group of true galactoside-binding lectins from snake venoms and does not belong to the group of snaclecs described by Clemetson et al. (2009) . Several other lectins isolated from snake venoms are dependent on calcium (Ozeki et al., 1994; Kassab et al., 2001; Guimarães-Gomes et al., 2004; Clemetson, 2010) . However, this statement can only be confirmed after N-terminal sequencing and homology studies. BlL was not detected by glycoprotein staining using periodic acidSchiff´s reagent and no carbohydrate was detected using the phenolsulphuric acid method. The absence of carbohydrate moiety was also reported for lectins from the snakes Bothrops atrox, Lachesis muta, Dendroaspis jamesonii, and Bothrops jararacussu (Gartner et al., 1980; Gartner and Ogilvie, 1984; Ogilvie et al. 1986; Carvalho et al., 2002) . BlL recognized the structure of saccharides comprising the surface of erythrocyte membranes since it agglutinated glutaraldehyde-treated erythrocytes from rabbits (SHA 10,240) and human types A, B and O (SHA of 320, 320 and 160, respectively). The difference in erythrocyte agglutination, depending on cell type (A, B, AB and O) and species of origin, may be due to the presence of different glycoproteins on the erythrocyte surface. Similar to other lectins from snakes, HA of BlL was abolished in the presence of galactose, lactose and raffinose ( Table 2 ), indicating that BlL is a galactoside-binding protein. Inhibition assays revealed that BlL was partially inhibited by fetal bovine serum and casein, but not by fetuin and asialofetuin (Table 2) . Casein is a protein with a small carbohydrate fraction and contains phosphorus in its structure (Roman and Sgarbieri, 2005) . Two N-glycosidic carbohydrate complex-types rich in galactose are present in the structure of α-fetoprotein, a protein found in fetal bovine serum (Krusius and Ruoslahti, 1982) ; the presence of galactose may be responsible for the inhibition of BlL in the presence of fetal bovine serum. The results indicate that BlL recognizes complex glycoproteins.
BlL HA was heat-stable up to 70°C, with total loss of activity after heating to 80°C indicating that HA depends on BlL native conformation. The HA of BlL was not affected at a pH range of 4.0 to 7.0, unlike B. jararacussu lectin, which was more active in neutral pH (Elífio-Esposito et al., 2007) . The intrinsic protein fluorescence spectra of BlL ( Fig. 2A) revealed a single major peak at 344 nm. Tryptophan residues exposed to water show a maximal fluorescence emission at wavelengths around 340-350 nm whereas completely buried residues fluoresce at about 330 nm. The displacement of the mass center of the aromatic residues indicates partially buried hydrophobic domains within the lectin structure. C-type lectins are usually a dimer of two identical polypeptides, each containing two tryptophan residues and one tyrosine residue (Morita, 2005) . The individual subunits are able to bind carbohydrates but for the lectin-like function they need at least bivalency, which is achieved through a simple interchain disulfide linkage. Although dimerization is essential, the two tryptophan residues and the tyrosin are essential to stabilize intra-subunit contacts and for biological activities in C-type lectins (Doyle and Kini, 2009 ).
The CD spectrum of BlL (Fig. 2B) indicated that BlL possessed a large amount of β-sheet structure, characterized by a maximum at approximately 195 nm and a minimum in the range 216-220 nm (Venyaminov and Yang, 1996) . Analysis of the secondary structure content using CDPro software yielded the following results: 1.0% α-helix, 44% β-sheet, 24% β-turn, 31% unordered structures and an RMS (root-mean-square) of 2.0%. Cluster analysis classified BlL as a β-class protein (proteins containing mainly β structure), corroborated by the results of CDPro analysis (68% β structures). The secondary structure content of BlL was similar to that determined for L. muta snake venom lectin (Aragón-Ortíz et al., 1989) ; however, the majority of lectins from snake venoms belong to the α + β class, such as the C-type lectin from B. jararacussu venom which possesses 18.8% α-helix and 32.2% β-sheet (Silva Jr. et al., 2008) .
In the present study, antibacterial assays demonstrated that BlL exhibited antibacterial effects against the human pathogenic Grampositive bacteria S. aureus, E. faecalis and B. subtilis. Minimal inhibitory (MIC) and minimum bactericidal (MBC) concentrations were determined for BlL (Table 3 ). The lectin was not effective against Gramnegative bacteria E. coli and K. pneumoniae. A possible reason for the difference in susceptibility is the difficulty that BlL encounters in crossing the outer cell wall of Gram-negative bacteria to reach the periplasmic space. BlL may interact with the peptidoglycan present in the Gram-positive bacteria cell wall while the lectin may not be able to bind peptidoglycans of Gram-negative bacteria whether it does not enter in the periplasmic space. BlL showed an absence of antimicrobial activity in the presence of 200 mM galactose, thereby assuring that the antibacterial effect involves the carbohydrate-binding property of lectin. MIC values of BlL against S. aureus and E. faecalis show the clinical relevance of lectin since these concentrations are below the range of 64-100 μg/mL (Gibbons, 2004) . The MBC of BlL CD spectrum of BIL in 50 mM phosphate buffer, pH 7.2, at 25°C. Measurements are the average of eight scans using a solution containing 0.25 mg of protein/mL. CD spectrum deconvolution using CDPro software calculated 1% α-helix, 44% β-sheet, 24% β-turn, 31% unordered structures and an RMS of 2%. against B. subtilis (250 μg/mL) was lower than that (500 μg/mL) described for Phthirusa pyrifolia leaf lectin (Costa et al., 2010) . The MBC for bactericidal drugs is generally the same or not more than four-fold higher than the MIC. In contrast, the MBC of bacteriostatic drugs are many-fold higher than their MIC (Levison, 2004) . The term tolerant is applied to bacterial strains whose growth stops in the presence of an antimicrobial concentration but which do not rapidly die leading to high values of MBC (Charpentier and Tuomanen, 2000) . On the basis of MBC/MIC ratio, S. aureus was found to be tolerant to BlL since the MBC was 15.8-fold greater than MIC (Ishida et al., 1982) . On the other hand, Canillac and Mourey (2001) reported that if the MBC/MIC ratio was found to be less than or equal to 4, the bacteria were considered to be susceptible. Therefore, B. subtilis was susceptible to BlL. Recently, Torres et al. (2010) showed that Bothrops leucurus total venom (BleuTV) inhibited the growth of S. aureus. Therefore, according to our results we can suggest that BlL is involved in the antibacterial activity of the venom.
In conclusion, a new galactoside-binding lectin was isolated from B. leucurus venom. BlL showed antibacterial activity against human pathogenic Gram-positive bacteria. Further studies are required to determine the mechanisms involved in this bactericidal activity.
